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Abstract
Retrotransposons are a type of transposable element in which DNA copies are produced
via an RNA intermediate and integrate into new chromosomal sites continually
contributing to the dynamics of genomes. While sequencing the mys element among the
Cricetidae family of rodents, we identified a previously uncharacterized element in the
genome of the Mexican volcano mouse that we refer to as mys-related sequence
(mysRS). This investigation provides a unique opportunity to contrast the evolution of
the two retrotransposon families apparently restricted to a specific taxonomic group of
rodents.

By analyzing the genomes of various cricetid rodents, our results provide

evidence that the mysRS element originated in either an ancestor of the Neotominae
subfamily or the Reithrodontomini tribe of rodents, which diverged roughly nine million
years ago, and predates the appearance of the mys element.
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Introduction
Transposable elements or jumping genes are mobile segments of DNA located in
the genome of an organism. Within analyzed mammalian species there are thousands to
millions of copies of transposable elements (Smit.1999; Bohne et al. 2007; Erickson et al.
2011). Transposable elements combine to account for roughly 40% of the human
genome (Lander et al. 2001), 49% in the horse genome (Wade et al. 2009), and roughly
40% in the genome of the European house mouse (Mice Genome Sequencing
Consortium. 2002).
There are multiple types of transposable elements, which fall into one of two
classes based on the mechanism of replication in the genome (Figure 1). Class I

elements encode for reverse transcriptase, and utilize RNA as an intermediate for
transposition, whereas the Class II transposable elements utilize a DNA-based mode of
transposition. The Class I type of transposable elements are more abundant than Class II
in mammals. This class is made up of different subclasses: retroposons (which are
fragments of DNA that are inserted into chromosomes after they are reverse transcribed
and they do not encode reverse transcriptase) and retrotransposons (which use a retroviral like reverse transcriptase)(Capy et al. 1997).
The subclass of Long Terminal Repeat (LTR) retrotransposons makes up roughly
10% of the mouse genome and plays a major role in genome structure. LTRretrotransposons contain direct repeats (~100-200 base pairs), which are found flanking
the DNA sequence. These LTR-retrotransposons are repeated multiple times and found
and found scattered throughout the mammalian genome (Boeke and Corces. 1989). LTR
retrotransposons encode their own reverse transcriptase (Clare and Farabaugh. 1985) and
contain regulatory sequences which act as promoters for other genes within the nuclear
genome of the cell (Brosius. 1999). In comparison non-LTR retrotransposons do not
contain direct repeats flanking the DNA sequence and can be further divided to include
short interspersed nuclear elements (SINEs) and long interspersed nuclear elements
(LINEs)(Capy. 2005)
Short interspersed nuclear elements (SINEs) are a type of retroposon, which
varies from 100 to 600 base pairs in length (Kramerov and Vassetzky. 2005; Deragon and
Zhang. 2006). One notable characteristic of SINEs is that they rely on cellular
mechanisms, or replication machinery, from LINEs to replicate (Dewannieux and
Heidmann. 2013). Since SINEs are dependent when it comes to their mobility it has been
2

observed that there is a decrease in SINE activity when there is a decrease in LINE
activity (Dewannieux et al. 2003), which is consistent with the findings of Rinehart et al.
(2005). This dependence can potentially make SINE inactivation possible, due to the
inactivation or deletion of the LINE or LINEs they rely on (Rinehart et al. 2005). An
example of SINE family inactivity can be observed in the B1 element in Sigmodontinae
rodents (Rinehart et al. 2005). Rinehart and colleagues analyzed the relationship between
B1 and LINE-1 (L1) element activities. By analyzing the evolutionary history of these
elements based their relationship on three different criteria sequence divergence, relative
copy numbers, and potential function. A high sequence divergence of isolated elements
corresponds to older elements that acquired multiple random mutations, in contrast to
conservation of sequence to the consensus or “master gene” indicative of more recent
integrations. Dot blots were used to determine relative copy numbers to correlate
relationships between L1 elements and B1 elements in different genomes. Conservation
of the L1 open reading frame (ORF2) using the technique developed by Cantrell et al.
(2000) suggests protein function hence potentially active L1 elements. For B1 elements
RNA folding patterns from isolated elements correspond to active elements. Since
Rinehart et al. (2005) identified species in which B1 extinction preceded LINE
extinction, then the availability of L1 proteins is not the only factor necessary for B1
amplification.
On average, mammalian genomes have between 2 and4 different SINE families,
and rely on multiple LINE families to remain active in the genome (Kramerov and
Vassetzky. 2001). However, there are other relationships between LINEs and SINEs.
While studying turtles Ohshima and colleagues discovered some sequence similarities
3

between the SINEs and LINEs of interest. They determined that there is a possibility that
recombination between a SINE and a LINE has occurred at the 3’ end of the LINE
(Ohshima et al. 1996), enabling the SINE to “hijack” LINE proteins for their propagation.
Long interspersed nuclear elements (LINEs) are a type of non-LTR
retrotransposon which has an average length of at least 5 kilobases (Grimald et al. 1984;
Fanning and Singer. 1987). LINEs, unlike SINEs, are able to produce the proteins
required for their mobility, including RNA binding proteins, endonuclease and reverse
transcriptase. A common LINE is the LINE-1 or L1 element, which is present in all
mammalian species that have been analyzed (Burton et al. 1986) and have been present in
these genomes since their integration roughly 170 million years ago, predating the
mammalian radiation (Smit. 1999). It has been suggested that L1 elements do not have a
large impact due to their low rates of amplification (DeBerardinis et al. 1998); however,
within the last 10 million years there has been rapid expansion of L1 elements within
rodent genomes (Adey et al. 1994; Cassavant and Hardies. 1994). L1 elements may
become inactivated or extinct within the genome this extinction leads to an opening,
which can lead to the amplification or expression of new elements.
Another type of retrotransposon is the endogenous retrovirus (ERV), which is a
type of LTR-LINE. The structure of ERVs differs from those of SINEs and LINEs which
have a poly A tail located at the 3’ end; however, ERVs have LTRs present at both ends
of the element (Dewannieux and Heidmann. 2013). ERVs integrated into the genome
after an infectious retrovirus was introduced to the host organism and inserted genetic
material into the host germ line (Xiong and Eickbush. 1990). The infection of the host

4

germ line can lead to a vertical transmission of the ERVs leading to the possibility of
further amplifications and mutations (Katzourakis et al. 2005).
Replication of retrotransposons utilizes a method similar to those of retroviral
replication (Bushman. 2003). Retrotransposons replicate in a copy and paste fashion, the
element is then copied or transcribed into RNA, reverse transcribed into DNA and
integrated into a new location in the genome (Luan et al. 1993; Eickbush and Malik.
2002), as represented in Figure 2. This class of retrotransposons is made up of
subclasses, some of which are sequence specific for relocation; however,
retrotransposons are not as selective in the relocation, this allows the elements to be
integrated into multiple locations within the genome of a single organism (Bushman.
2003). Once integrated into the genome the retrotransposons can potentially be passed
vertically to future offspring, if integrated into the germ line (Casavant et al. 2000).

B
A

Figure 2. Process of retrotransposon replication using an RNA intermediate. (A) DNA is
synthesized into an RNA template. (B) The RNA template is reverse transcribed into DNA
and integrated back into the genome.
5

The movement of transposable elements into different locations in the genome
can lead to a variety of genetic abnormalities. Relocation can lead to alterations to the
integration site, gene rearrangements, possible DNA methylation and destabilization of
the genome, potentially leading to specific genetic disorders (Roy-Engel at al. 2005;
Konkel et al. 2010). Neurofibromatosis occurs due to various mutations to the NF1 gene;
one such variation is the insertion of an Alu element (a type of SINE) into an intron,
which causes a deletion of exons downstream and can lead to a shift in the reading frame
(Wallace et al. 1991). Retrotransposon integration in humans has also occurred in the
Factor VIII gene, which is located on the X-chromosome, leading to the development of
hemophilia (Kazazian et al. 1993). The location of L1 elements within the genome has
the potential to regulate the expression of certain genes due to unequal recombination;
according to Burwinkel and Kilimann a deletion of approximately 7500 nucleotides was
identified in the phosphorylase kinase β gene that seems to have occurred due to an
unequal homologous recombination event between L1 elements (Burwinkel and
Kilimann. 1998).
L1 inactivation has been observed in Orzomys palustris, a type of rodent species,
but upon examinations of another closely related species it was found that Sigmodon
hispidus had retained its L1 activity (Cantrell et al. 2005). Upon analyzing these two
species the Wichman group discovered two different elements, the new element was
termed mysTR (pronounced mister). The presence and flourish of new elements may fill
the void of extinct L1 elements (Wichman et al. 1985).
One element that has arisen from an ERV is mys (pronounced miss), represented
schematically in Figure 3. The mys element consists of multiple regions including a 5’6

untranslated region (5’-UTR), which is the mRNA region located directly upstream from
the start of the codon. The 3’-untranslated region (3’-UTR) is the mRNA region located
immediately following the stop codon. The open reading frames 1 and 2 (ORF 1 & ORF
2) are responsible for the proteins that are necessary for replication, and lastly the series
of direct repeats (DRs) (Wichman et al. 1985).

The mys element is limited to the small taxonomic group known as the Cricetidae
family of rodents (Wichman et al. 1985). Species that contain the element are depicted in
Figure 4. It has been determined that the mys element is a retrovirus-like element, a type
of LINE, which leads to the generation of the new alleles which function differently
compared to the unaffected alleles (Han and Boeke. 2005). Due to the nature of the
transfer of these elements, their integration within the genome could lead to an alteration
of gene expression, and reproductive isolation as observed in fruit flies, providing the
potential derivation of new species (Brown and O’Neill. 2010).
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While Kass and colleagues were studying the origins of evolution of the mys
element it was discovered that a related but distinctly different element existed, which
displayed a similar but unique nucleotide sequence. We refer to this element as mysRS
(pronounced Mrs.), or mys-related sequence. This was found upon analyzing the intramys DNA library by sequencing individual genomic elements, which were derived from
intra-mys polymerase chain reactions (PCR) from Neotomodon alstoni (Neo), as shown in
Figure 5 (Killian. unpublished).
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The discovery of this new element raised several new questions to investigate:
Did one element (mys or mysRS) give rise to the other? Did both elements become active
at the same time when cellular conditions were favorable? Did the elements compete
with each other or with L1 elements, causing a possible inactivation of an element, or
allow an element to flourish? When in evolutionary history did each element arise? By
having two young (newer integrated element) LINE families present in a small taxonomic
group, we have the opportunity to gain insights into the evolution and possible
competition or synergism of transposable elements.
The purpose of this study is to locate and sequence a full-length mysRS element,
determine its time of origin, as well as its evolutionary history. This analysis of the
mysRS element will provide insights on how transposable elements are able to relocate
9

within the genome and aid in the understanding of conserved nucleotides, as well as
determine in which species mysRS flourishes. My hypothesis is that retroviral integration
in a common ancestor of a subset of Cricitidae rodents occurred and at some point a
variant copy (mysRS) of the original transposable element (mys) became active. Our
alternative hypothesis is that the mysRS element originated from another endogenous
retroviral sequence not sharing a common ancestor with mys.

Methods
A variety of rodent genomes from the Neotominae (North American rodents),
Sigmodontinae (New World rodents), and Tylomyinae (New World climbing rats)
subfamilies within the Cricetidae family were examined. Tissues from various
Peromyscus species were purchased from the Peromyscus Genetic Stock Center at the
University of South Carolina. The Museum of Southwestern Biology provided tissue
samples from additional species, these samples included Neotomodon alstoni (Mexican
volcano mouse, NK 9652), Onychomys leucogaster (northern grasshopper mouse, NK
86784), Reithrodontomys fulvescens (fulvous harvest mouse, NK 43090), Tylomys
tumbalensis (tumbala climbing rat, MSB 55652), Oryomys palustris (marsh rice rat, MSB
57563), Neotomodon albigula (white-throated wood rat, MSB 140883), and Sigmodon
hispidus (hispidus cotton rat, MSB 140165). Kass and colleagues provided the DNA
samples Meriones unguiculatus (gerbil) and Mesocricetus auratus (hamster) (Kass et al.,
1996).
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Isolation of DNA from Rodent Tissues
DNA was isolated from 20 to 50 mg of tissue samples. Each was finely chopped
with a razor blade on a petrie dish on ice and continued isolation using the Promega
(Madison, WI) genomic DNA purification kit per manufacturer’s instructions (Promega.
2002). Concentrations of the purified DNA samples were analyzed using an ND 2000
Nanodrop spectrophotometer using OD260 readings. Stock solutions with a final DNA
concentration of 25ng/µl were prepared for each species.
Generation of intra-mysRS Elements by Polymerase Chain Reactions (PCR)
To assess the presence or absence of the mysRS element in each species
polymerase chain reactions (PCR) were used incorporating primers based on sequences
unique to mysRS in relation to mys (Figure 5). Four primers were designed with
nomenclature based on the location and direction of amplification within the isolated
segment of the mysRS element. The sequences of primers mysRS 40F, mysRS 60F,
mysRS 375R, and mysRS 430R are provided in Table 1. Different combinations of these
primers were used to confirm the findings of each PCR result (i.e. mysRS 40F & mysRS
375R; mysRS 40F & mysRS 430R, etc).

The PCR construction utilized the following final concentrations: 1X New
England Biolab (NEB) Buffer (with MgCl2), 0.38µM forward primer, 0.38µM reverse
11

primer, 0.2mM dNTPs, 1u Taq polymerase (NEB GoTaq), and 25 ng of DNA, each
reaction was then brought to a final volume of 20µl. The cycling conditions were as
follows: 94°C for 2 minutes, then 30 cycles of 94°C for 30 seconds, 53°C for 30 seconds,
72°C for 30 seconds, followed by a 72°C extension step for 5 minutes, and cooled to 4°C.
Analysis of intra-mysRS PCR Products by Gel Electrophoresis
The mysRS PCR products were analyzed using gel electrophoresis. To each of the
PCR products loading dye was added to a final concentration of 1X, and samples were
run on a 1.5% agarose gel stained with GelRed (Biotium, Hayward, CA). A 1kb DNA
ladder (Labnet, Edison, NJ) was used to determine the approximate size of the amplified
product. The gel was run for 45 to 60 minutes at 140 volts. A gel documentation system
was used to examine the gel under UV light to visualize the presence or absence of the
mysRS element.
Generation of intra-mysRS PCR Libraries
After determining which species contained the mysRS element, intra-mysRS PCR
libraries were constructed for those species. This was generated using a saved portion of
the PCR product. The Promega pGEM-T Easy Vector was used to produce cloned
segments by ligation based on the A-overhangs of the PCR products that result using Taq
polymerase. The manufacturer’s protocol was followed but using half the recommended
amount of vector.
Transformations were performed using Promega’s JM-109 High Efficiency
Competent Cells according to the manufacturer’s instructions. Each of the
transformation products were plated on LB/ampicillin/IPTG/X-Gal plates and incubated
at 37°C for roughly 24 hours.
12

Selection of Clones containing the mysRS Insert
To select clones presumed to contain the mysRS element, the plates were
examined for the presence of white-colored colonies (which indicates a transformation in
the competent cells has occurred). White colonies were selected and inoculated in LBampicillin liquid media and allowed to grow in culture overnight in a 37°C shaking water
bath. The Promega Wizard Plus SV Minipreps DNA Purification system was used to
isolate plasmid DNA from the harvested cells.
Verification of mysRS Presence by Restriction Enzyme Digest
The incorporation of the mysRS element into the vector was determined using
restriction enzyme digests. Digests consisted of 1X NEB Buffer, 5 units of EcoRI, and
12µl of isolated plasmid DNA (of undetermined concentrations) in a final volume of 20
µl, then incubated at 37°C overnight.
Digested samples were analyzed by gel electrophoresis using a 1.5% agarose gel,
with 1X TAE buffer and stained with 1X GelRed. Sizes of the products were assessed by
comparison to the 1 kb DNA Ladder (Labnet). The gel was run at 140 volts until the
bromophenol blue band was completely run off the gel. The gel was then analyzed using
a UV gel documentation system.
Sequencing and Analysis of the mysRS Element
Plasmid samples, which contain inserts of roughly 350 base pairs, were sent to an
external source (Bio Basic, Markham, Ontario or the University of Michigan Sequencing
Core, Ann Arbor, MI) for sequencing. Sequences were analyzed using MacVector
software to determine phylogenetic relationships and consensus sequences of the
different species containing the mysRS element. Primer and vector sequences were
13

deleted from the MacVector sequences prior to various analyses. Analyzing and
comparing species-specific consensus sequences were preformed to determine intra- and
inter- specific variations of sequences. Analyses of the consensus sequences were
performed to potentially identify a mysRS element master gene.
Quantification of the mysRS Element Using Dot Blot Analysis
To determine relative genomic copy numbers of mysRS elements among analyzed
cricetid and murid rodents, a dot blot analysis was performed (Kass et al., 1992). The
DNA samples were compared to the mysRS element and analyzed for cross-hybridization
against the mys element, the filter was set up as seen in Table 2.

For dot blot analysis, stocks of the DNA for the species being analyzed were
brought to a concentration of 10ng/µl, and stock samples of the standards were
constructed containing a specified number of mysRS element. 1µlof the standard
14

samples were diluted with 0.01M EDTA and 0.4M NaOH. 100ng/µl of the DNA stocks
were diluted with 2ng/µl with a final concentration of 0.01M EDTA and 0.38M NaOH.
DNA samples and standards were then heated to 100°C for 10 minutes, then quickly spun
down and placed on ice.
The nylon dot blot filter was submerged in sterile water, then the filter was placed
on top of a piece of Whatmann chromatography paper and loaded into the dot blot
apparatus. 500µl of water were then added to each well that was used and ran through
the filter using a vacuum. The denatured samples and standards were added to the
corresponding wells (see Table 2) and ran through the filter followed by 500µl of 0.4M
NaOH. The filter was then briefly rinsed with 2x SSC and blotted dry. The DNAs were
then UV cross-linked to the filter, the filter was placed between glass plates and placed in
a drying oven at 80°C for 30 minutes.
Hybridization of the Dot Blot Filter used for mysRS Quantification Analysis
Dr. David Kass processed the dot blot using radioactively labeled isotopes.
Hybridization and pre-hybridization solutions were prepared using Ambions ULTRAhyb
solution. The remaining mysRS ORF 1 and mysRS ORF 2 were used as probes labeled
using the Takara Random Primer Kit with 32P-dCTP. Unincorporated 32P-dCTP was
removed using a Bio-Rad P-30 Microspin Chromatography column. Probes were heated
at 95°C for three minutes then placed on ice. The ULTRAhyb solution was warmed prior
to use at 65°C. The dot blot filter was then wet with the pre-hybridization solution, with
10ml of ULTRAhyb solution added to the wash. The filter was then incubated at 42°C
for 3 hours. The probe was denatured at 95°C for 3 minutes and was added to the
hybridization solution and incubated at 42°C overnight.
15

Wash solutions were pre-warmed to 42°C. The filter was then washed as follows:
two washes in 2x SSC, 0.1% SDS for 5 minutes at 42°C, followed by two washes with
0.2x SSC, 0.1% SDS for 15 minutes at 42°C. The filter was then exposed to
autoradiography for 3 hours and analyzed on a phosphorimager. The filters were then
washed more stringently with 0.1x SSC, 0.1% SDS at 65°C for one hour, then exposed
overnight and re-analyzed.
High-Efficiency Thermal Asymmetric Interlaced (hi-TAIL) PCR
To attempt to resolve the sequence of the full-length mysRS element hi-TAIL
(high-efficiency thermal asymmetric interlaced) PCR was used. Hi-TAIL PCR is based
on the symmetrical amplification of the target sequence by using a series of nested
reactions, which increases the amount of the target sequence present from the whole
genome. The nested reactions allow for the amplification of unknown DNA sequences
when they are found adjacent to known sequences (Liu and Chen. 2007). A series of
primers were specifically constructed based on the mysRS consensus sequence results;
one of the primers will anneal to the known portion of the element, and the other primer
anneal to an added non-specific linker. The hi-TAIL PCR then amplifies portions of the
element that were previously unknown, as detailed in Figure 5.
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A complete round of hi-TAIL PCR consists of multiple steps, which require
different sets of primers, sequences of which are shown in Table 3. Each round consists
of a pre-amplification stage, which requires the initial primer (first primer in the series),
followed by a primary-amplification stage requiring the primary primer (second primer in
the series), the primary-amplification stage builds off the products produced from the
previous initial amplification. The secondary-amplification, which requires the
secondary primer (third and final primer), the final step should ideally produce the
longest segment of the element. There are three different groups of primers, that
amplifying the element from different locations and in different directions; each group
contains primers that correspond to the different amplification stages of the hi-TAIL PCR
in order to extend the known element sequence. Groups 3 and 4, however, only have an
initial and primary primer set because further amplification stages did not yield further
results, as noted by Liu and Chen (2007). To perform the hi-TAIL PCR a Roche Expand
High Fidelity Kit was used.
17

hi-TAIL PCR Pre-Amplification
The pre-amplification is the initial step in the hi-TAIL PCR analysis. The
reactions consisted of 1X Buffer, 0.2mM dNTPs, 0.3µM mysRS initial primer, 0.3µM
LAD-1 (non-specific linker), and Taq (as recommended by the Roche Expand High
Fidelity Kit, in a final volume of 20µl.
PCR cycling conditions for the pre-amplification stage included an initiation step
of 93°C for 2 minutes then increased to 95°C for 1 minute, and then denatured at 94°C
for 30 seconds. The temperature was then decreased to 60°C for 1 minute before being
increased to 72°C for 3 minutes steps then starting with the denaturing were repeated 10
times. The temperature was then increased again to 94°C for 30 seconds before dropping
to 25°C for 2 minutes. The temperature was then ramped up to 72°C by increasing the
18

temperature 0.5°C per second. The temperature was then held at 72°C for 3 minutes
before being increased to 94°C for 20 seconds. There was a decrease to 58°C for 1
minute before being increased to 72°C for another 3 minutes. The last three steps were
then repeated 25 times, before the final elongation step at 72°C for 5 minutes. The
reactions were held at 4°C until ready to continue.
Primary-Tail PCR Amplification
The second stage of the hi-TAIL PCR procedure (Liu and Chen. 2007) was
modified by using 2µl of undiluted pre-amplification product as a template. Each
reaction contained 1X Buffer, 0.24µM ACl (non-specific linker), 0.24µM mysRS primary
primer, Taq (as recommended by the Roche High Fidelity Kit), and 2µl undiluted preamplification product, in a final volume of 25µl.
The primary tail PCR cycling conditions are initiated at 94°C for 20 seconds, then
decreased to 65°C for 1 minute before being increased to 72°C for 3 minute. These
conditions were then repeated once. The reactions were then denatured at 94°C for 20
seconds before being decreased to 68°C for 1 minute. The conditions were then
increased to 72°C for 3 minutes before being further increased to 94°C for 20 seconds.
The temperature was then decreased to 68°C for 1 minute, then increased to 72°C for 3
minute, before being further increased to 94°C for 20 seconds. The temperature was then
again decreased to 50°C for 1 minute, then increased to 72°C for 3 minutes. Starting
with the denaturing stage the steps were repeated 13 times. The temperature was then
held at 72°C for 5 minutes before being held at the final temperature of 4°C until ready to
continue.
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A portion of each sample PCR amplification was then run on a 1% agarose gel to
determine if there was an increase in the relative size of the mysRS element.
Secondary Tail PCR Amplification
For the final stage of the hi-TAIL PCR the protocol was again modified by using
2µl of undiluted primary-tail amplification product as the template. Each reaction
included 1X NEB Buffer, 0.2mM dNTP, 0.3 ACl (non-specific linker), 0.3 mysRS
secondary primer (final primer), and Taq (as recommended by the Roche Expand High
Fidelity Kit), in a final volume of 25µl.
The cycling conditions for the secondary tail PCR initially starts at 94°C for 20
seconds before dropping to 68°C for 1 minute. The temperature then increased slightly to
72°C for 3 minutes, before being further increased to 94°C for 20 seconds. The
temperature was then decreased to 50°C for 1 minute, then increased again to 72°C for 3
minutes. All the conditions were then repeated 7 times, before a final elongation of 72°C
for 5 minutes, then a final holding temperature of 4°C until ready to continue.
A portion of each sample was then analyzed using electrophoresis on a 1%
agarose gel. Samples which displayed bands greater than 350 base pairs, following the
hi-TAIL amplification, were then ligated using Promega’s pGEM-T Easy Vector, then
used to transform Promega’s JM-109 High Efficiency Competent Cells, and plated on
LB/ampicillin/IPTG/X-gal plates. Clones were selected and inoculated in LB-ampicillin
media and cultured overnight at 37°C. The Wizard Plus SV Minipreps DNA Purification
Kit was used again to isolate the plasmid DNA. The DNA samples were then sent to the
University of Michigan Sequencing Core for sequencing.
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Sequences were then analyzed using MacVector software, and analyzed via Trace
BLAST of the Peromyscus maniculatus genome database. This analysis will affirm the
presence of the element within the genome and will enable us to determine which
locations in the genome the element is more commonly found. This is determined using
MacVector and isolating the sequence of the mysRS element, and examining using a
Trace BLAST to analyze how frequent the element appears and if it seems to be found
associated to certain regions. This is determined by using MacVector and Trace BLASTs
and analyzing the sequences found preceding and following the element.

Results
Amplification of the mysRS Element within Analyzed Species
The mysRS element was analyzed for its presence within the genomes of the
various rodent species representing different genera of the Cricetidae family. This was
done by assessing for amplification of mysRS using the polymerase chain reaction
incorporating primers based on ORF1 that were distinct from the mys element. The
mysRS specific primers were derived from the analysis of the ORF 1 sequencing data of
the mys element in N. alstoni, and primer numbering based on the position of the
nucleotides within the generated segment. Amplification, observed via gel
electrophoresis, is suggestive of the presence of the mysRS element (Figure 6). The
presence of an amplified product of the expected size was found in four closely related
genera of cricetid rodents and absent, based on the lack of amplified PCR product, among
other tested cricetid rodents, as well as two representatives of murid rodents (Figure 6).
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Species seemingly containing the element in their genomes include P.leucopus, N.
alstoni, R. fulvescens, and O. leucogaster (Figure 6).

To further verify the presence of the element, combinations of various ORF1based primers specific for mysRS in N. alstoni were used to determine that the amplified
product represents the mysRS element and not an alternative retrotransposon family.
Different combinations of the primers, seemingly unique to mysRS, generated consistent
amplification products of the expected size for the mysRS element in P. leucopus, N.
alstoni, and R. fulvescens; it was observed that when using the mysRS 40F and mysRS
430R primer combination (Figure 7) the amplified product in N. alstoni was more faint,
yet those species that seemingly possess the mysRS element distinctly displayed
amplified products of the expected size. This amplification of PCR product is
consistently observed when using primer set mysRS 60F and mysRS 430R (Figure 8),
with the exception of N. alstoni.
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Additional assessment focusing on the discrepancy for the lack of PCR product
within N. alstoni involved the use of additional mysRS based primer sets mysRS 40FmysRS 375R and mysRS 60F-mysRS 375R (data not shown). We continued to observe an
absence of mysRS amplification in N. alstoni with the mysRS 60F-mysRS 375R, which is
consistent with the mysRS 60F and mysRS 430R primer set (Figure 8). We did however
observe an amplified mysRS element for N. alstoni when using the mysRS 40F-mysRS
375R primers (Figure 9). With the lack of amplified product occurring only in the mysRS
60F primer combinations leads us to hypothesize that there could be a mutation in the
majority of N. alstoni mysRS elements, which makes the mysRS 60F primer ineffective
with this particular species, but has success with the other species analyzed. Sequencing
of the N. alstoni genome would need to be conducted to determine if there was a
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variation present between the genome and primer sequences. However, a whole genome
database for this species is currently unavailable.

The mysRS element appears to be limited to the Reithrodontomini tribe of rodents,
based on the presence of amplified PCR products from DNA of representative genera in
this group, utilizing alternative mysRS-specific primer sets. Peromyscus species were
analyzed, using primers mysRS 40F-375R, to verify the presence of the element
throughout the genus (Figure 10). Each Peromyscus species that was analyzed displayed
a relatively intense band of expected size (Figure 10). It appears that Peromyscus species
and those species closely related to the Peromyscus genus, O. leucogaster and R.
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fulvescens displayed the amplified the element; however, those species not included
within the Reithrodontomini clade, failed to display amplification of the element (Figure
7 and Figure 8).

In order to trace the likely point of origin of the mysRS element, the findings of
the presence/absence analysis were correlated with a phylogenetic tree of cricetid rodents
(Figure 11). This potential point of origin seems apparent after assessing for the presence
of the element via PCR utilizing various primer sets in a variety of cricetid rodents.
Identifying PCR products using alternative mysRS-based primer sets, at least one
combination of primers displayed results among the species of Peromyscus, N. alstoni, R.
fulvescens, and O.leucogaster. This finding suggests that these genera contain the
element. By comparing these results to the known phylogeny of cricetid rodent species
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the likely point of mysRS origin was determined. It apparently originated in a common
ancestor to the Reithrodontomini tribe of rodents (Figure 11).

Analysis of the mysRS element and the Construction of a mysRS Element Master
Sequence
Intra-mysRS DNA libraries of the cricetid rodents, presumably containing the
mysRS element, were analyzed to construct a mysRS consensus or ‘master’ sequence.
Multiple clones (denoted with the name of the species and the number of the cloned
sample) for O. leucogaster, N. alstoni, R. fulvescens, P. leucopus (Figure 12 and Figure
13) and the Peromyscus species P. californicus, P. maniculatus, and P. difficilis were
examined. For each species that was examined at least three isolated plasmids from
selected clones were digested using restriction enzymes, which were chosen based on
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whether the pGEM-T or the pGEM-T Easy was used for cloning. The cloned inserts that
were observed, via gel electrophoresis, appeared to be roughly 400 base pairs in length
(Figure 14 and Figure 15), which was approximately the expected product size for all of
the primer combinations. Multiple clones from each species presumably containing the
element were selected for sequencing to aid in the construction of a consensus sequence,
and possibly to determine any evolutionary changes to the sequence between species.
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The nucleotide sequences of the mysRS element generated from each clone were
analyzed to determine the level of variation of the element within a species and between
species to assess for concerted evolution. The cloned inserts minus the primers were
edited so the start and end points corresponded more accurately for determining
similarity. The similarity scores for the mysRS element were greater among the intraspecies comparisons vs. the similarity scores for the inter species cloned sequences
supporting concerted evolution. The sequences of the N. alstoni clones displayed a range
of similarity scores with an average of roughly 89% (Figure 16). The N. alstoni
sequences were very similar, being up to 97% identical to each other. O. leucogaster
sequences averaged a similarity of roughly 81% between clones derived from this species
(Figure 17). The average similarity scores for the O. leucogaster sequences were lower
than those of N. alstoni; however, two sequences derived from O. leucogaster clones had
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the highest level of identity, O. leucogaster 1 insert and O. leucogaster 4 insert were
99.6% identical to each other. Sequences of the R. fulvescens clones had the highest
similarity score average for those species be examined, roughly 87% (Figure 18). R.
fulvescens displayed the most consistent range of similarities with clones ranging
between 83 and 89%. P. leucopus showed a wider variety of similarities ranging from
79% to 98% (Figure 19), with an average of about 86%. Although we observed a range
of similarity scores between the different clones, it appears that the mysRS sequence is
present within these genomes, based on the high level of sequence similarity.
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Potential information on the ancestral gene could then be determined by
constructing species-specific consensus sequences and comparing these sequences
against one another to determine similarity scores between species. The average
similarity score of the mysRS-derived sequences between the species is roughly 80%
(Figure 20). A molecular phylogeny, displaying the most common mysRS sequence of
the clones was then formulated to determine how closely related the clones are to one
another, as well as how closely related they are to the mys and mysTR element (Figure
21).
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The compilation of the sequence data into a molecular phylogeny displayed
groupings, by species, of our clones, determining that they are closely related based on
their nucleotide sequence. It was also observed when examining the molecular
phylogeny that the mysRS element is distinct from both the mys and mysTR elements
(Figure 21).
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Dot Blot Analysis Estimating the Quantity of mysRS in Rodent Genomes
Quantification of the relative copy numbers of the mysRS element within the
genomes of the tested rodent species was estimated via dot blot analyses. Dr. David Kass
constructed the dot blot analysis, which utilized radioactively labeled isotopes, that were
incorporated into a mysRS clone from N. alstoni via random primer labeling. The filters
were washed at various stringencies increasing from the lowest stringency at 42°C, the
moderate stringency at 55°C, and followed by the highest stringency washed at 65°C (the
salt concentration was lowered to 0.1 XSSC), in order to mitigate the possibility of cross
hybridization to alternative elements.
Cross hybridization of the elements closely related to mysRS (mys and mysTR) to
the dot blot filter was a possibility. Increasing the temperatures the filter was exposed to,
and altering the stringency of the salt concentration that was used enhances the possibility
of eliminating cross-hybridization to these other elements. After the 42°C wash the
mysRS element was found in a majority of the species being examined, including some
that were not expected, Mus musculus and Neotoma albigula (Figure 22). At the 42°C
stringency Peromyscus boylii and Peromyscus truei yielded the most intense dots, which
seem to suggest that there are roughly 20,000 copies of the mysRS element present in
their genomes when compared to the mysRS standards. Under the moderate stringency,
55°C, there was a greater intensity of the dots within certain species: Peromyscus aztecus,
Peromyscus boylii, Peromyscus difficilis, and Peromyscus truei which all appear to
contain roughly 20,000 copies of the mysRS element (Figure 23).
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With the presumptive removal of the unrelated sequences via the increased stringency of
the washes, a cleaner level of quantification for mysRS could be determined.

After exposing the dot blot filter to the highest stringency, 65°C, there appeared to be
more variation among Peromyscus (Figure 24). P. aztecus, P. boylii, P difficilis, and P.
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truei again displayed the most intense dots, with an approximate copy number of 20,000.
When the filter was exposed to 65°C the elements other than mysRS were potentially
removed, allowing for increased accuracy of estimated copy numbers. A majority of our
samples displayed intensity similar to that of the 10,000 mysRS copy standard, including
O. leucogaster, R. fulvescens, and unexpectedly N. albigula, which was not consistent
with the PCR results, when examined under the highest stringency (Figure 24). With the
lowest stringency we also noticed a faint unexpected dot amplified for M. musculus,
which under the higher stringencies was not observed on the filter (Figure 24). P.
melanophrys, P. eremicus, and N. alstoni appear to contain fewer copies of the element
compared to their relatives (Figure 24). This could be due to degradation of the DNA or
even a mix up between the N. alstoni and N. albigula samples.
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Searching the Peromyscus Whole Genome using mysRS to extend the Element and
design hi-TAIL PCR Primer Sets
After identifying those species possessing the element the goal was to try to
identify additional upstream and downstream sequences of mysRS to potentially
determine a full-length element. The mysRS sequence was compared against the
Peromyscus Whole Genome Database by BLAST searching the mysRS element
consensus sequence as a query sequence, which was generated using MacVector
sequencing software. Upon searching the database, sequences with a high identity score
(how similar the sequence being searched is to a portion in the genome) were analyzed
and compared against one another using MacVector’s Clustal W alignment tool.
After a potential mysRS sequence was identified a series of BLAST searches were
conducted with the aim to further extend our known nucleotide sequence of the element.
Once our sequence was located via BLAST with the genome of Peromyscus we were
able to distinguish additional upstream and downstream nucleotides. This new sequence
was then BLAST searched, and the process was repeated until we started to observe a
loss of homology. Matching numerous BLAST hits supported that the sequence is highly
repeated in the genome. By creating the series of contigs, by continual rescreening of the
P. maniculatus whole genome sequence database, it was determined that the different
sequences had large portions of identical nucleotides, beyond the “known” portion of the
element (Figure 25). This discovery was used to construct primers that were used for hiTAIL PCR analysis. This technique would then allow us to identify how accurate the in
silico analysis was as well as provide us with a potential overall length of the element
potentially depicting the start and end of the element.
35

36

37

38

39

40

Among the computer generated sequences we observed matching between the
sequences, however with the nucleotides located before 40 (base pairs 1 to 40), we see no
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homology this could be because this is the start or very close to the start of the element.
We also observed distinct groupings of nucleotides (Figure 25) between roughly 430 to
440, there are two distinct groupings within the sequence which could suggest the
presence of further subfamilies. Near the 3’ end of the element at about ~725 base pairs
sequence similarity becomes lost. Since there is similarity among the nucleotide
sequences and since the amount of homology between the sequences extends further than
our original PCR amplified products, hi-TAIL PCR primers were constructed from these
sequences at various intervals with the overall goal of extending the known sequence.
hi-TAIL PCR to Further Depict a full-length mysRS Element
To extend the nucleotide sequence of the mysRS element beyond the previously
analyzed consensus sequence and to identify the full-length element, the hi-TAIL PCR
technique was used. Using N. alstoni and P. maniculatus DNA hi-TAIL PCR analysis
was conducted because the original primers used to amplify the mysRS element were
based off the sequences obtained when analyzing the mys element and therefore only
consisted of a partial region of ORF1. Alternative primer sets were used, which are
located further along the nucleotide sequence in order to expand on the nucleotide
sequence of the element. However based on the gel electrophoresis certain primer sets
(sequences found in Table 3) led to amplified products which were more successful than
others (Figure 26). The hi-TAIL PCR primers were used to extend our original 400 bp
sequence in short segments, even by as few as roughly as 50 to 75 base pairs (Figure 27).
These extended sequences were identified using gel electrophoresis before they were
cloned, (Figure 27 and Figure 28) which then were submitted for sequencing.
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hi-TAIL PCR Sequence Analysis using MacVector Software
Peromyscus maniculatus samples, which were used for hi-TAIL PCR analysis,
were sequenced and compared to other samples because they were the only species
examined which showed amplification using hi-TAIL PCR primers (Figure 29). Upon
sequencing the potentially extended element, there was a difference observed between
this method in comparison to the sequences that were computer generated (Figure 30).
Although the sequences that were identified via hi-TAIL PCR did not display the same
levels of homology as the sequences that were observed via BLAST searching the
Peromyscus Whole Genome Sequence database, it was observed that the P. man 19 and
P. man 13 (hi-TAIL PCR P. maniculatus clones) are identical to one another. These two
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clones could be identical because they arise from the same genetic locus, or from
relatively young elements, possessing few, if any, alterations to the sequence. P. man 12
and P. man 2B2 clones seem to differ from the P. man 13 and 19 clones. We observed
nucleotide variation even between the P. man 12 and P. man 2B2 clones themselves, this
could represent the sequence of the mys element that has been present for some time and
has evolved or it could be the presence of a previously unidentified subfamily of mysRS.

The P. maniculatus sequences generated via hi-TAIL PCR that displayed an
elongation of the sequence were screened using the GenBank database to determine if our
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mysRS sequences were found within the genome of rodents. Each clone generated at
least 100 matches with 88%-98% identity and at least 75% coverage within the
Peromyscus maniculatus whole genome sequence database. This type of analysis
allowed us to determine how well represented the sequence is within the P. maniculatus
genome. The P. maniculatus clone 18 displays nucleotides that are unique compared to
those of mysRS this could be a potential new element since when BLAST searching using
the P. maniculatus 18 sequence as a query sequence to the Peromyscus Whole Genome
Sequence database there were multiple matches, showing that it is a repetitive element
within Peromyscus species.
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Discussion
The purpose of this study was to determine the presence of the newly identified
element, mysRS, within a subset of rodent species. mysRS was first identified while
examining sequences of an intra-mys PCR library for N. alstoni (Larm. 2012). This
investigation focused on locating the time point for mysRS origin, as the element is not
present in the well-established Mus genome. The genomes of the species that contained
mysRS were analyzed to determine the element’s amplification success, and the
possibility of element variation. In silico analysis assisted in the assessment of highly
conserved sequences present in the mysRS element of our rodent species, as well as
provided direction to the identification of the full-length mysRS element sequence
through the promising hi-TAIL PCR technique.
Since the mysRS element does not date back to Mus, the evolutionary point of
origin was unknown. The overall results from the polymerase chain reaction analyses
identified, using various primer sets, that the element is limited to a subset of cricetid
rodents, and could have originated in an ancestor of the Reithrodontomini tribe, which
diverged roughly nine million years ago (Parade et al. 2013). While the dot blot appears
to display consistent results to the PCR there is a discrepancy regarding N. albigula. We
observed hybridization of N. albigula to the filter, yet we never observed amplification of
mysRS with PCR. This could be due to cross-hybridization to a similar element present
in the N. albigula even after increasing the stringency of the washes. This discrepancy
could also be due to a sequence variation between the mysRS element in N. albigula and
the mysRS-based primers, or could possibly have been caused by a misloading of the dot
blot filter. The dot blot failed to yield results for P. maniculatus and N. alstoni, both of
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which are believed to contain the element based on the PCR; this lack of hybridization
signal could be due to the use of a degraded portion of DNA. Unfortunately because of
the conflicting results regarding N. albigula we cannot conclusively state that the mysRS
element originated in the Neotominae subfamily or Reithrodontomini tribe within this
subfamily.
With the discovery of mysRS when analyzing mys, it was hypothesized that the
mysRS element diverged from mys. Based on the PCR and dot blot analyses we have
narrowed the mysRS point of origin to either an ancestor of Reithrodontomini or
Neotominae. According to Rinehart et al. (2005) and Kass et al. (unpublished) the mys
element originated within Neotominae, this suggests that the mysRS element could have
originated before mys, or both elements originated about the same time. The activation of
both of these elements could be due to a synergistic effect, where essentially the
machinery required for the expression for one element was already present, so the other
element took advantage and utilized the same materials. This relationship has been
demonstrated in a cell culture retrotransposition assay with SINEs (Alu and B1) and
LINEs where the SINEs rely on the presence of LINEs and their proteins in order to
reproduce and flourish within the genome (Dewannieux and Heidmann. 2013).
According to Erickson et al (2011) there is not a connection between the expression of
elements like mysTR and the loss of L1 activity, as these two elements do not compete
with one another within the genome, but rather co-exist. Both mys and mysRS might also
have been present at the same time possibly due to the absence of a retroviral repressor,
allowing for multiple retrotransposons to become expressed within the genome. In
Drosophilia the su(Hw) protein represses the gypsy retrotransposon without a functional
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su(Hw) protein, gypsy is able to integrate into the genome and cause mutations (Pelisson
et al. 1994). Both elements could also have become active at the same time if there was
the presence of DNA methylation within the element as well as the presence of
interference RNA, which is present in Dictyostelium (Kuhlmann et al. 2005). Small
interfering (si)RNA is composed of small pieces of RNA which when methylated can
cause a silencing of the targeted retrotransposon (Kuhlmann et al. 2005). If the mys and
mysRS elements were allowed to integrate due to the absence of a retroviral repressor, or
the absence of epigenetic silencing that would result from DNA methylation and/or small
non-coding RNA (Yang and Wang. 2016) the elements could then, if active in the germ
line, be passed to the rodent’s offspring where they would continue to replicate within the
genome.
With the ability to expand within the genome it is expected that mysRS would
undergo mutations, and the rate of amplification would differ between the species that
were examined. The amplification of the mysRS element showed similar copy numbers
with a minimal amount of variation within the sequences of those examined. We
observed a possible concerted evolution event as previously seen for L1 elements (Kass
et al. 1992) where we observed a greater level of inter-species variability of mysRS
versus intra-species variability. This leads to the hypothesis that, although the copy
numbers are similar, the mysRS activation occurred relatively recently and that most of
the amplification did not occur in a common ancestor, but rather that the amplification of
mysRS occurred primarily after the divergence of the different genera. If mysRS
integrated within one common ancestor we could expect to see a greater level of random
mutations to the element, and just due to chance the level of variability would be
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relatively equal. Our hypothesis that the mysRS element originated within one common
ancestor of the rodents in the Reithrodontomini tribe is a possibility; however, the master
gene that the mysRS element originated from could have potentially accumulated a
number of mutations, which could be passed on and displayed in the recently integrated
elements (Deininger et al. 1992).
The sequencing of portions of the mysRS element obtained via PCR and cloning
allowed for in silico analysis of a much further extended nucleotide sequence. Among
this region of amplification there are large portions, which appear to be highly conserved.
We observed some small variations of about 1 to 2 nucleotides in length; this occurrence
could be due to a mutation of the element or possibly signify the presence of two distinct
mysRS subfamilies. We also observed a large section of conserved sequences, about 150
base pairs within the region of amplification; this might signify a portion of high
importance critical to the element’s survival. Extension of the element, using in silico
analysis, in both the 5’ and 3’ direction, allowed for the identification of previously
unknown portions of nucleotides in the attempt to determine the full-length mysRS
element sequence.
Our portion of the mysRS element was used to screen the Peromyscus Whole
Genome database, which matched up to dozens of fragments of LTRs (Long Terminal
Repeats). The matching of LTRs made it possible to expand our original mysRS
sequence, both upstream and downstream adding roughly 330 base pairs in the 5’
direction and approximately 300 base pairs in the 3’ direction. The original segment of
the mysRS element was identified using open-reading frame (ORF)-1 based primers if the
mysRS element contained a second ORF then there would be further sequencing required
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to identify the nucleotides located downstream. Yet by continuing this process of adding
nucleotides to each end, based on the screening results, we can predict that eventually the
mysRS sequence will no longer match to any Peromyscus sequences located in the
database, which could signify the potential beginning or end of the mysRS element.
Upon expansion of the element we observed what appears to be at least two
distinct subfamilies of mysRS, which both have high levels of sequence similarity. The
presence of distinct subfamilies and the element’s fairly recent integration suggests that
there could be more than one active master gene and if the subfamilies were to have
arisen from the same master gene we would expect to see more random variations within
the sequence rather than the variations occurring within the same nucleotides, which
would be diagnostic for the different subfamilies. This could be why we failed to observe
N. alstoni amplification with certain PCR primers that were effective with other
Peromyscus species; the DNA from the N. alstoni rodent being analyzed might have
contained a different subfamily of mysRS, which would cause the primers to be
ineffective. Since large portions of the sequence are still homologous between the
subfamilies it is possible that one mysRS master gene gave rise to another master gene
(Deininger et al. 1992). According to Cordaux et al (2004), Alu elements within humans
arise from multiple master genes, and these master genes may branch off, giving rise to
more ‘master’ genes. These subfamilies of master genes could potentially aid in ensuring
the element’s survival by being able to withstand the inactivation of certain subfamilies
(Cordaux et al. 2004). Within mice there are multiple L1 elements present, yet according
to Hardies et al. (2000), many of these L1 elements can be traced back to one of six
different master genes, including the Z family, Tf lineage, spretus Tf, spretus A2,
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domesticus A2, and the A2 lineage. Many retrotransposons, Alu and L1 elements, are
retrotranspositionally incompetent and are unable to give rise to another master gene
(Moran et al. 2002). If there is more than one master gene present in these rodents it
could aid in explaining how multiple subfamilies of related elements might have become
active at roughly the same time.
The mysRS element sequence, while identified with in silico techniques, was
analyzed using hi-TAIL PCR to verify the in silico results. While the hi-TAIL technique
proved promising we observed a minimal extension of the element. If the hi-TAIL PCR
primers were modified and instead constructed from a more highly conserved region, this
method of determining unknown sequences might have been more effective. For the
purposes of examining mysRS the hi-TAIL technique might have been more successful if
the mysRS-based primer was more internally located within a more conserved portion of
the element, for example a protein-encoding sequence or within the ORF1. Since we
were able to gain useful information about mysRS using in silico analysis, next generation
sequencing techniques might be effective. The newly developed Sequencing
Identification and Mapping of Primed L1 Elements (SIMPLE) technique has the ability to
detect multiple retrotransposons located in an individual genome and has detected an
almost complete L1 element sequence in the human genome (Streva et al. 2015). This
technique if used in our rodent genomes would aid in not only revealing the mysRS
sequence, possibly in its entirety, but could also prove useful in determining the presence
of mysRS element subfamilies.
Based on this study we have determined that the mysRS element is a
retrotransposon that has undergone recent integration into the genome around the time of
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either the Reithrodontomini or Neotominae divergence. We have reason to believe that
mysRS did originate in a common ancestor of those species who possess it, and that the
amplification of mysRS has occurred in parallel among these species due to concerted
evolution, rather than within the common ancestor itself. This study also determined the
presence of at least two subfamilies of mysRS elements, possibly originating from two or
possibly more master genes. The continuation of this study, and others like it, regarding
retrotransposons will continue to enhance our knowledge on why these elements replicate
and what allows for them to thrive within the genome.
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